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1
INFRARED MOLECULAR SPECIES MONITOR

FIELD OF INVENTION

This invention relates to an infrared gas phase molec-
ular species monitor and in particular to a monitor
which measures the absorption by a gas sample of at
least one line of the emission source spectrum of the
molecular species being monitored as a function of the
concentration of the species in the gas sample.

BACKGROUND OF INVENTION

Techniques such as infrared absorption are currently
employed to monitor gas phase molecular species such
as hydrogen chloride (HCI) present in samples of the
atmosphere or other gases. Typically, in such systems a
broad band of infrared radiation is introduced into the
gas sample. Because the molecular species in the sample
tend to absorb some of that radiation in characteristic
wavelength bands, the resultant reduction in the inten-
sity of the infrared output signal in these bands is mea-
sured and used to determine the presence and concen-
tration of the species in the sample.

Conventional infrared absorption systems exhibit a

number of disadvantages. The absorption bands of vari-

ous species are often close to one another, or overlap,
and as a result it is typically difficult to distinguish the
species being monitored from those having similar ab-
sorption bands. |

Also 1t is sometimes difficult to achieve satisfactory
sensitivity using the above method. This occurs for
molecular species where the average spacing of the
absorption lines is significantly larger than the average
width of the lines. In these instances only a small frac-
tion of the total broad band radiation will be absorbed
within the molecular absorption lines. Accurately mea-
suring low concentrations and small changes in concen-
tration is particularly troublesome. As a result, in order
to achieve enhanced absorption and improved sensitiv-
ity present monitors have utilized fairly long path
lengths and complex multiple reflection optical units.
This has added to the size and expense of the detection
procedure and has made many infrared systems very
Inconvenient to transport and use in the field. These
instruments also require constant supervision by expert
operators.

SUMMARY OF INVENTION

It 1s therefore an object of this invention to provide
an improved infrared monitor for measuring the pres-
ence of one or more gas phase molecular species.

It 1s a further object of this invention to provide such
an improved infrared molecular species monitor having
enhanced sensitivity particularly at low species concen-
trations.

It 1s a further object of this invention to provide an
improved infrared molecular species monitor with im-
proved differentiation between the species of interest
and other species having absorption lines in the same
spectral region. |

It 1s a further object of this invention to provide an
infrared gas phase molecular species monitor with im-
proved resolution of high concentrations.

It is a further object of this invention to provide such
an improved infrared monitor which is relatively sim-

ple, compact and inexpensive.
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[t is a further object of this invention to provide such
an improved infrared monitor which may be conve-
niently transported and installed in the field.

It 1s a further object of this invention to provide such
an improved infrared monitor which requires minimal
operator attention.

This invention results from a realization that en-
hanced sensitivity and selectivity may be achieved in an
infrared gas phase molecular species monitor by em-
ploying an infrared emission source which provides an
emission spectrum of the molecular species to be moni-
tored and measuring the absorption, by a gas sample, of
at least one line of the emission spectrum as a function of
the concentration of the molecular species in the gas
sample.

This invention features an infrared monitor for mea-
suring the presence of at least one gas phase molecular
species which includes a sample path for containing a
sample to be monitored for the molecular species. There
are means for providing to the sample path a sample
beam of infrared source emission of the molecular spe-
cies to be monitored including at least one primary
spectral emission line which is significantly absorbed by
the molecular species for passage through the sample
path. There are means for detecting the decrease in the
intensity of the at least one primary infrared source
spectral emission line passed through the sample as a
function of the absorption of the at least one line by the
molecular species present in the sample. |

In a preferred embodiment the sample beam includes
at least one secondary spectral emission line which is
not significantly absorbed by the molecular species and
the means for detecting includes means for sensing the
output intensity of the at least one primary spectral
emission line passed through the sample path and the
output intensity of the at least one secondary spectral
line passed through the sample path. The means for
sensing may include a single detector. The means for
detecting may further include means, responsive to the
means for sensing, for comparing the output intensity of
the at least one primary emission line and the output
intensity of the at least one secondary emission line and
means, responsive to the means for comparing, may be
provided for determining the concentration of the mo-
lecular species in the sample. The means for comparing
may include means for dividing one of the primary and
secondary emission line intensities by the other. The
means for detecting may also include means for selec-
tively sensing the output intensities of the primary and
secondary emission lines of the sample beam of radia-
tion from the sample path and the intensities of a refer-
ence beam of the radiation in the primary and secondary
emission lines. Means, responsive to the means for selec-
tively sensing may be provided for normalizing the
sensed output intensity of one of the primary and sec-
ondary emission lines of the sample beam with respect
to the other. There may also be provided means, re-
sponsive to the means for selectively sensing, for nor-
malizing the sensed intensity of one of the primary and
secondary emission lines of the reference beam with
respect to the other. The means for comparing may
include means for comparing the normalized output
intensity and the normalized reference intensity. The
means for selectively sensing may include a single de-
tector.

The means for selectively sensing may also include
means for selectively transmitting the primary and sec-
ondary spectral emission lines in the sample beam and
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the reference beam. Such means for selectively trans-
mitting may include chopper means having first filter
means for transmitting the at least one primary emission
‘line and second filter means for transmitting the at least

one secondary emission line and means may be pro-
vided for driving the chopper means to pass the first and
second filter means selectively through the sample and

reference beams of infrared radiation. Sensor means
may be provided for sensing the location of chopper
means.

The means for normalizing the sensed output inten-
sity of one of the primary and secondary emission lines
of the sample beam with respect to the other may in-
clude means for dividing one of the sensed output inten-
sities by the other. The means for normalizing the
sensed intensity in one of the primary and secondary
emission lines of the reference beam with respect to the
other may include means for dividing one of the sensed
intensities by the other. The means for comparing the
normalized sample beam intensities and the normalized
reference beam intensities may include means for divid-
ing one of the normalized intensities by the other.

The means for determining preferably includes means
for calculating the concentration of the molecular spe-
cies in the sample. Alternatively it may include means
for retrieving a stored predetermined concentration of
the molecular species corresponding to the comparison
parameter of the primary and secondary emission line
intensities. The means for determining may also include
a stored predetermined concentration value of the mo-
lecular species corresponding to the comparison param-
eter of the normalized sample and normalized reference
beam intensities.

The sample path may include an optical cell for con-
taining the sample to be monitored for the molecular
species. A combination of molecular species may be
included in the sample path.

DISCLOSURE OF PREFERRED EMBODIMENT

Other objects, features and advantages will occur
from the following description of a preferred embodi-
ment and the accompanying drawings, in which:

FIG. 1 is a schematic view of an infrared gas phase
molecular species monitor according to this invention;

FIG. 2 is a simplified axonometric view of the chop-
per wheel and the sample and reference beams of infra-
red radiation.

FIG. 3 1s a graph illustrating the detecting output and
reference (emission line) intensities versus the position
of the chopper in FIG. 1;

FIG. 41is a cross sectional view of a preferred infrared
emission source;

FIG. SA illustrates representative primary and sec-
ondary emission lines from an HCl emission source;

FIG. 5B illustrates a representative transmission spec-
trum for the representative primary and secondary
emission lines of HCI;

FIG. 5C illustrates a representative output intensity
at the detector of FIG. 1;

FIG. 6 is a schematic view of a signal processor for
normalizing and comparing the sensed detecotr intensi-
ties and for determining the molecular species concen-
tration and a circuit for sensing the location of the chop-
per device;

FIG. 7 illustrates the variation in the measured con-
centration of HCl under ambient sea level conditions
with variation in the ratio of the normalized detector
intensities.
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FIG. 8 is a flow chart for one method of resolving the
proportion of molecular species in the sample gas;

FIG. 9 is a schematic diagram of a preferred alterna-
tive signal processor which digitally processes the de-
tected intensity signals to determine the proportion of

molecular species in the gas sample;
FIG. 10A illustrates a relatively narrow primary

emission line for an infrared molecular species emission

source;

FIG. 10B illustrates a wider primary emission line
resulting from, for example, an increased concentration
of HCI; |

FIG. 10C illustrates at increasing respective sample
concentrations the absorption lines corresponding to
the emission line of FIGS. 10A and 10B for a sample
containing the molecular species being monitored;

FI1G. 10D illustrates the respective output intensities
of the primary emission line of FIG. 10A after 1t passes
through samples having the molecular species concen-
trations of FIG. 10C;

FIG. 10E illustrates the respective output intensities
of the primary emission line of FIG. 10B after it passes
through samples having the molecular species concen-
trations of FIG. 10C;

FIG. 10F illustrates for FIGS. 10D and 10E the vari-
ation in output intensity with variation in concentration;
and

An infrared monitor for measuring the presence of a
gas phase molecular species according to this invention
may be accomplished by providing a sample path for
containing a sample to be monitored for the molecular
species. Typically, the sample path includes an optical
cell. Although a muitiple reflection optical cell such as
a White cell may be employed, the monitor could oper-
ate using a cell which provides only a single reflection
or no reflections whatsoever. A gas is introduced to and
removed from the sample path so that the sample may
be monitored for presence of, for example, HCI, H,O
vapor, hydrocarbons NO3, NO3, CO, CO; or other gas
phase molecular species either alone or in combination.

A sample beam of infrared source emission of the
molecular species to be monitored is directed through
the sample path. The sample beam includes at least one
primary, e.g., absorbing, spectral emission line which 1s
significantly absorbed by the molecular species. A pre-
ferred infrared emission source includes a closed con-
tainer or cell having at least one window for containing
the molecular species to be monitored and means for
heating the molecular species within the container sufti-
ciently to cause that species to emit its characteristic
infrared emission spectrum through the window of the
container. It should be understood that although purely
the molecular species of interest may be present in the
emission source, more often that molecular species is
united with and diluted by a relatively inert gas such as
argon or nitrogen which does not emit radiation that is
significantly absorbed in the spectral regions of interest.
A preferred emission source container includes very
thin (e.g., approximately 0.5 mm) windows composed
of water-free quartz or sapphire having a low emissivity
to reduce the emission of a continuum broad band of
infrared radiation. The molecular species within the cell
is heated by wire wound about the emission cell. The
wire may be composed of an iron-chromium-aluminume-
cesium alloy or other comparable material and typically
is resistively heated by current from a battery or small
generator. The emission cell and heater element are
typically mounted within a housing which may be con-
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structed of black anodized aluminum having exterior
cooling fins to dissipate heat generated by the emission
source. To further regulate heat loss from the emission
source, insulation, such as ceramic fiber or stmilar mate-
rial may be provided between the container and the
housing. One or more openings are provided through
the insulation and the housing to transmit the infrared
radiation emitted by the heated gas within the con-
tainer. To prevent excessive convective heat loss this
opening may be covered by an insulating window com-
posed of sapphire or a similar material with low emmis-
sivity. The wire heater may be mounted to the inner
surface of the ceramic insulation by a potting compound
or equivalent means.

The decrease in the intensity of one or more of the
absorbing infrared source spectral emission lines passed
through the sample path is detected as a function of the
absorption of those lines by the molecular species pres-
ent in the sample. The level of such absorption is simi-
larly a function of the presence and concentration of the
molecular species in the sample. In a preferred device
the decrease in intensity is determined as follows. The
sample beam includes at least one secondary, e.g. non-
absorbing, spectral emission line which is not signifi-
cantly absorbed by the molecular species. Although the
terms absorbing and nonabsorbing are used herein it
should be understood that emission in these regions are
not totally absorbed or nonabsorbed. Rather, as is stan-
dard practice in the art, absorbing indicates that the
emission 1§ significantly absorbed whereas nonabsorb-
ing indicates that the region is not significantly ab-
sorbed.

Means are provided for sensing the output intensity
of the one or more absorbing infrared source spectral
emission lines and, separately, the output intensity of
one or more of the nonabsorbing emission lines passed
through the sample path. It is preferred that a single
detector be used to sense both of these intensities al-
though in alternative embodiments separate detectors
may be utilized for the absorbing and nonabsorbing
emission lines. The output intensity of the one or more
absorbing spectral lines and the output intensity of the
one or more nonabsorbing spectral lines are compared
such as by division or subtraction to provide a signal
which 1s processed, for example, by a microprocessor to
determine the concentration of the molecular species in
the sample. That concentration may then be indicated
by a printout, an LED display, or other appropriate
means.

Instrument drift can occur when filters, which are
used to transmit the absorbing and nonabsorbing emis-
sion lines, collect dirt or otherwise become contami-
nated at different rates, or when the detector spectral
response changes. As a result the compared values may
change despite no change in the concentration of the
molecular species and erroneous measurements may be
taken. To overcome this difficulty preferred embodi-
ments of this invention employ means for selectively
sensing the output intensities of the absorbing and non-
absorbing emission lines of both the sample beam and a
reference beam of the infrared radiation. The reference
beam does not pass through the gas sample. Again, a
single detector is preferred for selectively sensing these
intensities although multiple detectors may also be em-
ployed. The selective sensing is typically accomplished
with a chopper or other means for selectively transmit-
ting the absorbing and nonabsorbing emission lines of
the sample and reference beams. Although a separate
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chopper may be employed for each beam, it is preferred
that a single chopper device having first and second
filters be used for both beams. The chopper is driven to
pass the first and second filters selectively through the
sample and reference beams of radiation. For example,
the chopper device may include a rotating disk with
narrow band filters spaced apart. Although 180° is pre-
ferred, alternative spacings may be employed. In moni-
toring a gas sample for the presence of HC], desirable
absorbing emission lines, i.e., lines which are signifi-
cantly absorbed are centered at approximately 2795 and
2820 cm—! and a preferred nonabsorbing spectral line is
centered at approximately 2675 cm—!l. The sample
beamn may be chopped into alternating absorbing and
nonabsorbing lines prior to introduction to the optical

path. Alternatively, the first and second filters of the

chopper device are driven through the output beam
from the sample path. Typically, a lead selenide detec-
tor or other suitable photodetector is employed for
detecting the sample output and reference beam intensi-
ties.

The output intensity of the one or more absorbing
spectral lines of the sample beam is divided by, sub-
tracted from or otherwise normalized with respect to
the output intensity of the one or more nonabsorbing
spectral lines of the sample beam. Similarly, the sensed
intensity of the one or more absorbing spectral lines of
the reference beam is divided by, subtracted from or
otherwise normalized with respect to the sensed inten-
sity of the nonabsorbing spectral lines of the reference
beam. The normalized sample beam intensity and nor-
malized reference beam intensity are then compared by
division, subtraction or otherwise and a signal represen-
tative of this comparison parameter is used to determine
the amount of molecular species in the sample. The
amount of molecular species may be calculated from the
compared value. Alternatively, the comparison parame-
ter may be used to retrieve from a memory a corre-
sponding value of the molecular species. A sensor may
be provided for sensing the location of the chopper so
that the detected intensities may be processed in the
proper sequence. Alternatively, where the filters are
spaced at intervals other than 180°, a sensor may not be
required.

The temperature and/or pressure of the sample gas
may also be sensed and used by a retrieval or calculation
circuit in determining the amount of the trace element
in the sample at the sensed temperature and/or pressure.
The determined amount may be indicated by, for exam-
ple, a dial or a readout, and if the molecular species
exceeds a predetermined amount, an audio or visual
alarm may be activated.

By dividing or otherwise comparing the normalized
intensity of the sample beam with a normalized intensity
of the reference beam the present invention overcomes
the problem of detector drift. If, the filter which trans-
mits the nonabsorbing spectral lines collects dirt or
otherwise becomes contaminated at a rate different than
the filter which transmits the absorbing spectral lines,
the resulting changes 1n the normalized intensity of the
absorbing and nonabsorbing spectral lines are exhibited
by both the sample beam and the reference beam.
Therefore, the compared value remains constant and
the system remains calibrated.

In alternative embodiments the amount by which the
primary emission lines are absorbed, and hence the
concentration of the molecular species being moni-
tored, may be determined by comparing the output
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intensity of the one or more absorbing emission lines
directly with the sensed intensity of these lines in a
reference beam of the infrared source emission.

- There 1s shown in FIG. 1 an infrared monitor 10
according to this invention which includes an optical
cell 12 into which is introduced a sample gas is from

source 14 to be monitored for one or a combination of

molecular species of interest. When the monitoring of
the sample gas has been accomplished as described

below the gas is discharged from the cell as indicated by
arrow 16. The flow of sample gas 15 into and out of
optical cell 12 may be either periodic or continuous.
Cell 12 may include a multiple reflection optical cell
such as a White cell or an optical cell employing only a
single reflection or a single pass with no reflections
whatsoever.

Infrared emission source 18 provides an infrared
source emission 20 of the molecular species to be moni-
tored. Emission 20 includes one or more primary or
absorbing emission lines which are significantly ab-
sorbed by the molecular species being monitored in the
sample gas and at least one secondary or nonabsorbing
“emission line which is not significantly absorbed by the

molecular species. Emission 20 is split by beam splitter
22 into a sample beam 24 and a reference beam 26.
Sample beam 24 is directed by beam splitter 22 and
reference beam 26 is directed by beam splitter 22 and
mirror 28 toward chopper wheel 30.

The chopper wheel, further shown in FIG. 2, is rotat-
able about an axis 32 and selectively transmits both
sample beam 24 and reference beam 26. Chopper 30
includes a first filter 34 which transmits only the absorb-
ing emission lines of infrared radiation and a second
filter 36 which transmits only the nonabsorbing emis-
sion lines of the infrared radiation. Chopper wheel 30 is
rotated in the direction of arrow 38 so that filters 34 and
36 are alternately passed through both sample beam 24
and reference beam 26. For example, in FIG. 2 first
filter 34 is shown passing through sample beam 24. This
causes the absorbing emission lines of infrared radiation
to be transmitted through the filter. As indicated by
arrow 24q, FIG. 1, the sample beam is then directed by
mirror 42 into optical cell 12 so that it passes through
the sample gas 15 in cell 12. After passing one or more
times through the sample gas 15, the absorbing emission
lines exit cell 12 as beam 246 and are transmitted
through a beam splitter 44 and their intensity A, FIG. 3,
1s sensed by a detector 46. While sample beam 24 is
being transmitted through filter 34, chopper wheel 30
blocks transmission of reference beam 26 and, as a re-
sult, the intensity of that beam is not measured.
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The chopper wheel continues rotating in the direc-

tion of arrow 38, FIG. 2, and after one-quarter turn, i.e.,
at the 90° position, first filter 34 is at the position indi-
cated in phantom. The absorbing emission lines of the
reference beam 26 are then transmitted through filter
34. The transmitted portion 26a, FIG. 1, of the refer-
ence beam is reflected by beam splitter 44 and sensed by
detector 46. At the same time, transmission of sample
beam 24 is blocked by chopper 30 and, as a result, only
the intensity B, FIG. 3, of the absorbing emission lines
of the reference beam is measured.

An additional one-quarter turn of the chopper wheel
to the 180° position places filter 36 in the path of sample
beam 24. Accordingly, the nonabsorbing emission line
or lines of the sample beam are transmitted through the
chopper and passed through optical cell 12. The output
intensity C, FIG. 3, of the one or more nonabsorbing
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emission lines of the sample output beam 245, FIG. 1, is
then sensed by detector 46. Filter 36 is finally rotated
through the path of reference beam 26 to the 270° posi-
tion so that the intensity D of the nonabsorbing emission
lines of the reference beam may be similarly detected.
With each revolution of chopper 30 detector 46 suc-
cessively senses the intensities of the absorbing emission

lines and the nonabsorbing emission lines of the sample
output beam 245 and the reference beam 26a. Between

each quarter turn the sample and reference beams are
blocked by the chopper and no infrared intensity is
detected. |

Following detection of the four intensities A, B, C
and D, those intensities may be displayed, for example,
on an oscilloscope 50 and they are provided to a signal
processor 52 where they are processed, as described
more fully below, to determine the concentration of the
molecular species in the gas sample.

Although chopper 30 is shown, in FIG. 1, transmit-
ting the sample beam before it is passed through optical
cell 12 in alternative embodiments the chopper may be
arranged after the cell and transmit sample output beam
24b. In addition, if source or filter drift can be tolerated
then the reference beam 26 may be omitted. For exam-
ple, source and detector drift could be compensated for
by a third nonabsorbing band. |

A preferred emission source 60 for providing the
absorbing and nonabsorbing emission spectral lines
while at the same time largely eliminating the broad
band continuum infrared emission is shown in FIG. 4.
The emission source includes a housing 62 having a
peripheral jacket 64 and end plates 66 and 68 which are
secured to jacket 64 by screws 70. An insulation mem-
ber 72 1s mounted within housing 62 and a central axial
opening 73 is formed through housing 62 and insulation
member 72. A sealed container or emission cell 74 hav-
ing end windows 76 is disposed longitudinally within
opening 73 and is secured to insulation member 72 by
potting compound 78. In particular, emission cell 74
may include a projection 80 which is formed when cell
74 1s blown or otherwise constructed. The emission cell
contains the gas phase molecular species being moni-
tored plus a relatively inert gas which does not emit
infrared radiation in the wavelength regions absorbed
by the sample gas. For example, if gas sample 15 is being
monitored for HCI, cell 74 may be filled, for example, to
a pressure of one-third atmosphere with a mixture of
nitrogen and HCl. A resistively heated wire heating
element 82 is introduced through a ceramic feed-
through 84 into the housing. Element 82 extends
through insulation member 72 and is embedded in pot-
ting compound 78 and disposed about emission cell 74.

Emission source 60 is operated by employing a bat-
tery or generator or similar means, not shown, to ener-
gize heater element 82. The molecular species within
cell 74 is heated sufficiently by element 82, for example
to 1000° K, to emit its characteristic infrared emission
spectral lines. This emission exits cell 74 through win-
dows 76 and exits emission source 60 through opening
73. The emission source is held by a support structure,
not shown, and is arranged with opening 73 disposed
vertically so that free convection does not excessively
cool the lower window 76 of cell 74. The upwardly
emitted infrared radiation 20 is redirected by a mirror
79 and split into reference and sample beams as de-
scribed in connection with FIGS. 1 and 2. At the same
time, the downwardly emitted radiation 20¢ is directed
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by a mirror 79a¢ away from the optical path of emission
20.

Emission source 60 includes a number of features
which permit its temperature to be maintained at a sub-
stantially constant level. For example, cooling fins 86
are provided on the exterior of jacket 64 so that heat is
dissipated uniformly from the emission source. Housing
62 is also constructed from a material such as black
anodized aluminum which efficiently dissipates the heat
generated by heater element 84. On the other hand,
insulation member 72 prevents the heat from being
dissipated too rapidly from the emission source and
helps maintain the temperature at a substantially con-
stant level. Convective heat loss through opening 73 is
further reduced by an insulating window 90 which is
mounted over the top of opening 73 and held in place by
a retainer 92 attached to jacket 64 by screws 70. Be-
cause only a small portion of the surface area of cell 74
1s exposed, i.e., windows 76, radiative losses from cell 74
are minimized; yet an effective aperture for the radia-
tion is provided through opening 73. Both the window
- 76 and window 90 are composed of a low emissivity
substance such as quartz or sapphire. This greatly re-
duces the intensity of the continuum infrared spectrum
which may be emitted by these elements. As a result,
substantially all of radiation 20 consists of the infrared
spectral emission lines of the molecular species within
cell 74.

Because detector 46, FIG. 1, is detecting the intensity
of only the infrared source spectral emission lines, and
not a broad band continuum of infrared radiation, mea-
suring the absorption of the infrared emission by the
molecular species in question is facilitated. As shown in
FIG. SA where the molecular species of concern is
HCIl, beam 20 includes absorbing emission lines 100
centered on the wave numbers 2795 and 2820 cm—!
respectively. The sample beam also includes a nonab-
sorbing emission line 102 centered on the wave number
2675 cm—1. Additional emission lines are not shown for
clarity. These spectral lines are transmitted in both
sample beam 24 and reference beam 26 of FIG. 1. How-
ever, when chopper 30 passes filter 34 through beam 24
only lines 100 are passed through to the optical cell.
Conversely, when filter 36 is passed through the sample
beam, only line 102 passes through to the optical cell.
Similarly, lines 100 and line 102 are selectively transmit-
ted as the reference beam 26 engages the respective
filters of the chopper.

As emssion lines 100 and 102 alternately pass
through the gas in the optical cell their intensity is re-
duced to the extent that the emission lines are absorbed
by the molecular species (HCI) present in the gas sam-
ple. As indicated by absorption lines 104, FIG. 5B, the
molecular species in the sample significantly absorbs
infrared radiation which corresponds in wavelength to
the absorbing emission lines passed through the gas.
The size of lines 104 varies according to the amount of
molecular species in the sample. As further indicated by
absorption line 106 the HCI in the sample does not
substantially absorb radiation corresponding in wave-
iength to the nonabsorbing emission line 102. As a result
of the absorption of the absorbing emission lines 100 by

the molecular species in the gas sample, intensity of the
output absorbing emission lines 100q, FIG. 5C, is signifi-

cantly reduced. Whereas the absorbing emission lines
provide an intensity signal B (e.g., the reference inten-
sity), prior to introduction to the optical cell, their out-
put intensity is reduced to A. At the same time because
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nonabsorbing emission line 102 is absorbed by only an
insignificant amount, the intensity of the nonabsorbing
emission line 1026 which exits the optical cell is reduced
only slightly from D to C. By detecting the decrease in
the intensity of the absorbing emission lines the level of
absorption by the molecular species being tested and,
hence, the concentration of that species in the sample
can be determined as described more fully below.

In contrast to the system of this invention, when a
broad band continuum infrared source is employed, a
broad band 103, FIG. 5A, is absorbed to the extent of
absorption lines 104, FIG. 5B and the intensity of its
output signal 103¢, FIG. 5C, remains relatively large
compared to that of the initial signal 103. As a result, the
decrease in intensity, and hence the absorption and
concentration of the molecular species in the sample,
are quite difficult to monitor, particularly at low con-
centrations where the intensity decrease may be negligi-
ble. Moreover, species other than the species being
monitored may absorb a portion of the broadband sam-
ple beam and as a result provide misleading indications
of absorption and erroneous determinations of concen-
tration. The present invention alleviates these difficul-
ties: even small reductions in the intensity of absorbing
lines 100 are detectable, being compared to a smaller
emitted intensity, and absorption by irrelevant species
with neighboring absorption lines is avoided.

A signal processor 52 for processing the detected
intensity signals A, B, C and D is shown in FIG. 6. The
respective signals are provided from detector 46 to a
switching circuit 121. A sensor 122 detects appropriate
indicia 125 disposed around the circumference of wheel
30 and provides a signal to circuit 121 which identifies
the signal received from detector 46 as either signal A,
B, C or D. The switching circuit feeds signals A and C,
respectively representing the intensities of the absorb-
ing and the nonabsorbing emission lines of the sample
output beam 24H, to divider circuit 123 where they are
divided to provide normalized signal A/C. Similarly,
signals B and D, representing the intensities of the ab-
sorbing and nonabsorbing emission lines, respectively,
of the reference beam are provided by switching circuit
121 to a divider circuit 124 where they are divided to
yield the normalized signal B/D. Signals A/C and B/D
are divided in a divider circuit 126 to yield signal R
(e.g., (AXD/(BXC)). Signal R is provided along with
signals indicative of the temperature T and the pressure
P of the fluid of the sample to a table retrieval circuit
128 where the proportion of HCl or other molecular
species being measured in the sample is retrieved from
calibration curves, described more fully in connection
with FIG. 7, which are stored in the memory of the
circuit. Alternatively, the proportion of molecular spe-
cies in the gas sample may be determined by entering
signal R into a calculation circuit 130 where a conven-
tional algorithm is employed to calculate the proportion
as described in connection with FIG. 8. The determined
concentration of the molecular species is indicated on a
readout 132 and if the proportion reaches an undesir-
ably high level, an alarm 134 is activated.

A sensor 1s not required if the filters are arranged on
the chopper at an interval other than 180°. For example,

if they are separated by 135°, signals A, B, C and D are
provided at 0°, 90°, 135° and 225°, respectively. This

uneven spacing serves to identify the respective signals
and eliminates the need for a sensor.

The calibration curve, such as in FIG. 7, may be used
by table retrieval circuit 128 for determining stored HCI
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concentration values. Values along the X axis represent
the divider circuit output signal R provided to the re-
trieval circuit 128. Values along the Y axis indicate the
concentration of HCl in parts per million. These values
are obtained in an HCI gas sample which is maintained
at a constant temperature of 72° F. and pressure of one
atmosphere. Similarly shaped curves, not shown, at
different concentrations can be obtained at different
temperatures and pressures. Each of these calibrated
curves is compiled by employing a gas sample having
known concentrations of HCI and predetermined tem-
peratures and pressures and measuring values R for
such samples. |

Logic which may be employed in circuit 130 to cal-
culate the proportion of trace element is shown in FIG.
8. Table 191 is provided with known combinations of
values of temperature T, pressure P, ratio R and X,
where X, a function of T, P and R equals the log of the
concentrations C. Table 191 thus expresses the func-
tional dependence of X on T, P and R. Known tempera-
tures, pressures and R values Ty, T, Py, P2 and Ry, R2
which bound the detected values T', P’ and R’, respec-
tively, are retrieved from Table 191, step 192. These
values are used to perform known 3-dimensional linear
interpolation, steps 193, 194 and 195 to calculate the
value of X which is associated with T’, P’ and R'. Con-
centration is calculated, step 196, by re-exponentiating
X and multiplying e* by Cp where Cpis a typically con-
stant predetermined scaling factor.

In an alternative preferred embodiment the intensity
signals alternatively may be processed digitally as
shown in FIG. 9. Detector 46 is connected to a 100-voit
bias supply 210 through a resistor 212. Because the noise
and sensitivity of detector 46 i1s strongly temperature
dependent the detector includes a thermistor which
provides a temperature signal t over line 214 and
through amplifier 216 to microcontroller 218. A ther-
mocouple 220 measures the temperature of the incom-
ing gas entering optical cell 12. Its signal T proceeds
over line 222 through thermocouple signal conditioner
223 and amplifier 224 to microcontroller 218. A pres-
sure transducer 228 detects the pressure of the incoming
gas sample and provides a signal P representative of that
pressure over line 230 and through amplifier 232 to the
microcontroller.

The absorption signals A, B, C and D provided by
detector 46 are amplified and buffered by a preamplifier
236 and then directed through an amplifier 238, a sam-
ple and hold circuit 240 and an A/D converter 242. The
signals are then transmitted through digital data buffers

243, 244 to the input of microcontroller 218. As a result
each signal A-D is converted to a respective, for exam-
ple, fourteen bit digital signal AD, BD, CD, DD.

The microcontroller is programmed in a conven-
tional manner to process the signals so that signal AD is
normalized with respect to signal CD, signal BD 1s
normalized with respect to signal DD and the normal-
ized intensity signals are compared to provide a signal
R, not shown. The steps of such a program may include,
for example, the division steps performed by the divider
circuits described in FIG. 6. The signal R derived in this
manner is then employed in either a table retrieval or a
calculation in microcontroller 218, which operate anal-
ogously to the description in FIGS. 7 and 8 to provide
the detected proportion of trace element to display
132a. Alarm 134¢ sounds when the concentration ex-
ceeds a predetermined level.
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In order to prevent the heat generated by motor 260
and the ambient environment from disrupting the con-
centration determination the detector may include and
be cooled by a solid state heat pump 219. Microcon-
troller 218 reads detector temperature t and feeds back
a control signal C through buffer 245, low pass filter 246
and power operational amplifier 248 which operates the
heat pump when the detector temperature t is too high.

Again, the sample and reference beams of infrared
radiation are chopped into their respective absorbing
and nonabsorbing wavelength bands by a chopper
wheel 30a. The wheel is driven by a motor 260 which is
controlled by the microcontroller. Sensor 122a senses
indicia 125q on the wheel and provides a signal to mi-
crocontroller 218 over line 264 which indicates to the
microcontroller which signal AD-DD it 1s receiving.

The maximum resolvable concentration and sensitiv-
ity of the monitor may be adjusted by varying the size
and shape of the primary emission lines. For example, as
absorbing emission line 300, FIG. 10A, 1s passed
through a gas sample in which the molecular species has
a concentration of Cy, FIG. 10C, emission line 300 is
somewhat absorbed by the molecular species in the gas,
e.g., absorption line C; reduces emission line 300, and 1ts
resulting output intensity is 300a, F1G. 10D. Passing
emission line 300 through a sample having a larger
concentration Cs, FIG. 10C, of the molecular species
results in an even smaller output intensity, 3005, FIG.
10D. As the concentration of the molecular species
increases the output intensity of the absorbing emission
line becomes smaller until with a concentration of
greater than Cj3, e.g., with a concentration of C4 or Cs,
absorbing emission line 300 is almost entirely absorbed
and the output intensity for the emission line at these
concentrations is harder to detect. See the detected
intensity ratio line 301, FI1G. 10F. With the absorbing
emission line of the intensity and width of line 300 it is
therefore impossible to detect concentration differences
between C4 and Cs, indeed, to detect any higher levels
of concentration.

To improve the concentration measurements at rela-
tively high concentrations, it is advantageous to in-
crease the concentration of the molecular species of
interest in the emission source so that a broadened emis-
sion line 302, FIG. 10B, which corresponds to the posi-
tion of line 300, is provided. The line may also be broad-
ened by similarly increasing the path length or by in-
creasing the pressure, varying the temperature or
changing the concentration of the diluting gas in the
emission cell. As broadened line 302 is passed through a
gas sample having a molecular species concentration of
C;, FIG. 10C, the molecular species in the sample ab-
sorbs a portion of line 302 and an output intensity of
302q, FIG. 10E, is provided. At each higher concentra-
tion level, e.g., Ca, C3, C4and Cs, progressively more of
emission line 302 is reduced as shown by curves 3020-e.
However, even at the very high concentration level of
Cs a discernable output signal 302e 1s provided. As
shown by line 303, FIG. 10F, the intensity signal does
not drop to zero and measurements at very high con-
centrations can be made.

The disadvantage of employing a relatively wide
signal lies in that it is not as sensitive as the narrow
signal. For example, as shown by line 303 in FIG. 10F,
when a wide emission line 302 is used at very low con-
centrations (below C;) there is a smaller change in the
output intensity. As a result, it may become quite diffi-
cult to distinguish the increasingly smaller concentra-
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tions from one another. On the other hand, employing
the narrower absorbing emission line 300 of FIG. 10A
provides a significantly greater change, line 301, in
Intensity as the concentration is reduced below C;.
Increasingly smaller concentrations can be distin-
guished and as a result, enhanced sensitivity is provided.
Accordingly, narrow emission lines should be em-
ployed when such sensitivity is required.

In alternative embodiments the maximum resolvable
concentration may be improved by utilizing a larger
number of primary emission lines.

Although specific features of the invention are shown
in some drawings and not others, this is for convenience
only as each feature may be combined with any or all of
- the other features in accordance with the invention.

Other embodiments will occur to those skilled in the
art and are within the following claims:

What 1s claimed is:
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‘1. An infrared monitor for measuring the presence of 20

at least one gas phase molecular species comprising:
a sample path for containing a sample to be monitored

for the molecular species;
means for providing to said sample path a sample

beam of an infrared source of emission spectrum of 25

the molecular species to be monitored including at
least one primary emission line which is signifi-
cantly absorbed by the molecular species and at
least one secondary emission line which is not sig-
nificantly absorbed by the molecular species for

passage through said sample path;
means for selectively sensing the output intensities of
said primary and secondary emission lines of said
sample beam of radiation from said sample path
and the intensities of said primary and secondary
emission lines in a reference beam of said radiation:
means, responsive to said means for selectively sens-
- ing, for normalizing the sensed output intensity of

30

35

the sample beam of radiation in one of said primary 49

and secondary emission lines with respect to the
other;

means, responsive to said means for selectively sens-
ing, for normalizing the sensed output intensity of

the reference beam of radiation in one of said pri- 45

mary and secondary emission lines with respect to
one another; and
means for comparing the normalized sample beam
itensity and the normalized reference beam inten-
Sity.
2. The infrared monitor of claim 1 in which said
means for selectively sensing includes a single detector.
3. The infrared monitor of claim 1 in which said
means for selectively sensing includes means for selec-
tively transmitting said primary and secondary spectral
emission lines in said sample beam and said reference
beam. |
4. The infrared monitor of claim 3 in which said
means for selectively transmitting includes chopper
means having first filter means for transmitting said at
least one primary emission line and second filter means
for transmitting said at least one secondary emission line
and means for driving said chopper means to pass said
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first and second filter means selectively through said
sample and reference beams of infrared radiation.

5. The infrared monitor of claim 4 further including
sensor means for sensing the location of said chopper
means.

6. The infrared monitor of claim 1 in which said
means for normalizing the sensed output intensity of
one of said primary and secondary emission lines of the
sample beam with respect to the other includes means
for dividing one of the sensed output intensities by the

other.
7. The infrared monitor of claim 1 in which said

means for normalizing the sensed intensity of one of said
primary and secondary emission lines of the reference
beam with respect to the other includes means for divid-
ing one of the sensed intensities by the other.

8. The infrared monitor of claim 1 in which said
means for comparing the normalized sample beam in-
tensity and the normalized reference intensity includes
means for dividing one of the normalized intensities by
the other.

9. The infrared monitor of claim 1 in which said
means for detecting including means for retrieving a
stored predetermined concentration value of the molec-
ular species corresponding to the comparison parameter
of the normalized sample beam and normalized refer-
ence beam intensities.

10. The infrared monitor of claim 1, in which said
means for detecting further includes means for calculat-
ing the concentration of the molecular species in the
sample. |

11. An infrared monitor for measuring the presence
of at least one gas phase molecular species comprising:

a sample path for containing a sample to be monitored

for the molecular species;

means for providing to said sample path a sample

beam of an infrared source emission spectrum of
the molecular species to be monitored including at
least one primary emission line which is signifi-
cantly absorbed by the molecular species and at
least one secondary emission line which is not sig-
nificantly absorbed by the molecular species for
passage through said sample path;

means for selectively sensing the output intensities of

said primary and secondary emission lines of said
sample beam of radiation from said sample path
and the intensities of said primary and secondary
emission lines in a reference beam of said radiation:
means, responsive to said means for selectively sens-
ing, for normalizing the sensed output intensity of
the sample beam in one of said primary and second-
ary emission lines with respect to the other;
means, responsive to said means for selectively sens-
ing, for normalizing the sensed intensity of the
reference beam of radiation in one of said primary
and secondary emission lines with respect to the
other;
means for comparing the normalized sample beam
intensity and the normalized reference beam inten-
sity; and, |

means, responsive to said means for comparing, for

determining the concentration of molecular species

in the sample.
L *  J L
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